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A high level theoretical approach is used to characterize for the ﬁrst time a manifold of doublet and quar-
tet K + S and O states correlating with the ﬁrst two dissociation channels of an as yet experimentally
unknown molecular species, SI, sulfur monoidide. A set of spectroscopic constants is determined, includ-
ing vibrationally averaged spin–orbit coupling constants, vibrationally averaged dipole moments, and
dissociation energies. The transition dipole moment function for the spin-forbidden transition a 4R  X
2P, and the associated radiative lifetimes were also evaluated. Two possibilities to detect transitions
experimentally and to derive spectroscopic constants are suggested.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Diatomic oxygen-containing halides, XO with X = F, Cl, Br, and I,
are well known radicals in the literature especially for the role they
can play in stratospheric chemistry as a temporary reservoir of hal-
ogen radicals in reaction cycles leading to the catalytic destruction
of ozone [1–3]. In the corresponding sulfur series, very little is
known experimentally, and for the two heavier diatomics, SBr
and SI, results are practically nonexistent, to the best of our knowl-
edge. Theoretically, the two lighter molecules, SF and SCl, were
investigated by Yang and Boggs [4,5], and as part of a long-term
project on sulfur halogen species being conducted in our group,
not only SCl and SBr [6,7] but potential energy surfaces for closely
related triatomic and tetratomic systems like HSCl, HClS [8,9],
HSSCl, HSClS, HClS2 [10], and SSX2 and XSSX, with X = F and Br
[11,12] have been extensively investigated with high level ab initio
approaches with focus either on spectroscopy or on structure, sta-
bility and thermochemistry. In regions of strong volcanic erup-
tions, the possibility that sulfur halides can act also as a halogen
reservoir should be examined, and the spectroscopic characteriza-
tion of SI would offer a means to probe its presence in various gas
phase environments. In the case of HSCl [8,9], we have also shown
that under these conditions, it is very likely that this species can be
formed and play a role in atmospheric chemistry similar to that of
its isoelectronic analogue HOCl. Relevant to this context, we also
refer the reader to the theoretical work of Roszak et al. [13] on
the electronic states of IO, to the investigations on emission spectra
obtained by high-resolution and laser-induced ﬂuorescent
techniques [14–17], and to the more recent work on the thermo-
chemical properties of halogen oxides by Peterson et al. [18].sevier OA license.Considering the experimental difﬁculties encountered in the
investigation of the species SCl and SBr, one might ask if the lack
of any spectroscopic information on SI has not a similar origin.
To answer this question, we set as the major aim of this Letter to
describe at a high-level of correlation treatment a manifold of
K + S and relativistic electronic states correlating with the two
lowest-lying dissociation channels. In this way, by characterizing
the electronic structure of the low energy states, their potential en-
ergy curves, and possible electronic transitions, we hope to provide
reliable data that can guide and help spectroscopists to properly
design experiments to cover a spectral region where transitions
could in principle be detected.
2. Theoretical approach
The ﬁrst step in this studywas to determine the number of states
to be properly accounted for in the calculations. Table 1 summa-
rizes all K + S states that correlate with the ﬁrst two dissociation
channels according to the Wigner-Witmer rules [19]. Next, state-
averaged complete active space self-consistent (CASSCF) calcula-
tions [20,21] with eleven electrons distributed in all possible ways
in the active space (3, 3, 3, 0) were carried out simultaneously for
the doublets and quartets. Here, we note that the innermost orbital
of A1 symmetry was excluded from the active space although
included in the dynamic correlation treatment. Working in the
C2v point group representation, a total of 36 states were mixed:
A1(7), B1(7), B2(7), A2(6) doublets and A1(2), B1(2), B2(2), A2(3)
quartets. This choice accounts for all the states in Table 1 besides
maintaining the symmetry equivalence of the b1 (px) and b2 (py)
molecular orbitals. As well known, R+ and D states transform
according to the representation A1: Px (Py) according to B1 (B2);
and R and D according to A2. Correlation consistent basis
functions were used for both atoms: the aug-cc-pV(5+d)Z set for
Table 1
Low-lying electronic states of the molecule SI, their dissociation channels, and energy
separation at the dissociation limit.
States of separated
atoms
Molecular states DE/cm1
Exper.a
S(3Pg) + I(2Pu) 2,4R+, 2,4R(2), 2,4P(2), 2,4D 0
S(1Dg) + I(2Pu) 2R+(2), 2R, 2P(3), 2D(2),
2U(2)
9029
a Ref. [36].
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dine has the (1s–3d) inner core replaced by an energy consistent
relativistic pseudopotential. On top of the CASSCF wavefunctions,
taken as the zeroth order reference space, single and double excita-
tions were carried out to account for dynamic correlation effects.
This multireference conﬁguration interaction (MRCI) step in its
internally contracted version, developed by Knowles and Werner
[24,25], and implemented in the MOLPRO-09 suite of programs [26]
was used for the electronic structure calculations. Averaged natural
orbitals from the CASSCF step were used in the construction of the
N-particle space which served as a base for expansion of the ﬁnal
MRCI state functions; this space had a dimension which ranged
from 3.3 to 5.3 million conﬁguration state functions depending on
the spatial and spin symmetries.
Total energies including Davidson’s correction [27,28] evalu-
ated at 77 internuclear distances were next interpolated and used
as a numerical potential in the Schrödinger radial equation for the
nuclear motion. Solution of this equation by the Numerov method
as implemented in the program INTENSITY [29] provided rovibra-
tional energies and wavefunctions from which spectroscopic con-
stants were obtained by standard ﬁtting procedures as described
in the literature [30–32]. The calculation of transition probabilities,
also implemented in the INTENSITY program, and radiative lifetimes
are described in previous works and will not be detailed here
[33,34].
To take into account the large spin–orbit interactions for a
species containing an iodine atom, calculations were also carriedFigure 1. Potential energy curves for the lowest-lying doublet and quartet (K + S)
states of the molecule SI.out within the interacting states method with the spin–orbit ma-
trix elements calculated at the same level of theory described pre-
viously with the one- and two-electron Breit-Pauli operator [35] as
implemented in the MOLPRO-2009 package.3. Results and discussion
In Figure 1 is presented an overview of the seven most impor-
tant K + S states correlating with the ﬁrst dissociation channel
S(3Pg) + I(2Pu), and four other dissociating into the second channel,
S(1Dg) + I(2Pu); the remaining ones not shown are high-lying repul-
sive states. Complementing this view, we show in Figure 2 the
potential energy curves for the lowest-lying X states, where the
energy splitting due to the strong spin–orbit interaction is clearly
evident for the ground state. The energy separation between the
spin states at the dissociation limit shown in Table 2 agrees within
5–10% with the known experimental value, which is expected for
this level of calculation. For the I(2P3/2)  I(2P1/2) states, for exam-
ple, the calculated energy difference is 7024 cm1, whereas
7603 cm1 was determined experimentally [36]. The spectroscopic
constants characterizing both (K + S) and the X states are summa-
rized in Table 3. At the equilibrium distance, the ground state, (XFigure 2. Potential energy curves for the some of the lowest-lying doublet and
quartet X states of the molecule SI.
Table 2
Low-lying electronic states of the molecule SI, their dissociation channels, and energy
separation at the dissociation limit including spin–orbit effects.
States of separated atoms DE/cm1 Theor. DE/cm1 Exper.a
S(3P2) + I(2P3/2) 0 0
S(3P1) + I(2P3/2) 361.1 396.1
S(3P0) + I(2P3/2) 534.9 573.6
S(3P2) + I(2P1/2) 7 024 7 603.1
S(3P1) + I(2P1/2) 7 385.9 7 999.2
S(3P0) + I(2P1/2) 7 559.3 6 176.7
S(1D2) + I(2P3/2) 9 681.6 9 238.6
S(1D2) + I(2P1/2) 16 237.9 16 841.7
a Refs. [36,37].
Table 3
Excitation energies (Te) in cm1, equilibrium distances (Re) in a0, dissociation energies (De), and vibrational and rotational constants all in cm1.
State Te Re De xe xexe xeye E0 Be 103 ae
X 2P 0 4.378 19 018 404.0(19)a 1.648 0.0023 205.9 0.12 288 0.70
X1
2P3/2 0 4.372 17 472 405.6(19) 1.649 0.0015 203.0 0.12 323 0.71
X2
2P1/2 1399 4.402 16 073 402.4(19) 1.273 0.0104 195.8 0.12 159 0.66
1 4R 12 982 5.105 6036 225.0(9) 1.575 0.0153 112.0 0.09 046 0.64
11 4R1/2 13 398 5.139 4074 212.7(9) 2.016 0.0262 105.9 0.08 933 0.73
12 4R3/2 13 580 5.136 3892 212.8(9) 1.904 0.0356 105.9 0.08 935 0.72
2 2P 21 593 4.811 2575 276.9(11) 2.784 0.0027 137.5 0.10 158 0.74
22614b 2872c
a Figures in parentheses refer to the number of vibrational spacings used in the ﬁtting.
b Using the state X1 2P3/2 as reference.
c Height of the energy barrier.
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. . .14r2 15r2 7p4 8p3 (c0  0.91), whereas the ﬁrst excited quartet,
1 4R (Re = 5.105 a0, Te = 12 982 cm1), is best represented by a
mixture of the conﬁgurations . . .14r2 15r2 7p4 8p2 16r1
(c0  0.79) and . . .14r2 15r2 7p3 8p3 16r1 (c0  0.28). In terms of
a simple molecular orbital picture, one can say that this quartet
state arises from the promotion 8p3? 16r1 of an electron
between two antibonding orbitals with a consequent increase in
the equilibrium distance and a signiﬁcant decrease in the bond
energy. The equilibrium distances of the states X1 2P3/2, and X2
2P1/2, respectively equal to 4.372, and 4.402 a0, follow the same
trend as the ones observed for IO, with that for the X2 state slightly
longer; for the harmonic frequencies this difference was just of a
few wavenumbers. To assess how core-valence correlation affects
the equilibrium distances, we carried out a partially spin-restricted
RHF-RCCSD(T) [38–40] geometry optimization with the aug-
cc-pwCVQZ [41] and aug-cc-pwCVQZ-PP [42] basis sets for S and
I, respectively. Our ﬁndings show that for the valence only corre-
lated calculation the equilibrium distance (Re = 4.381 a0) is overes-
timated by 0.024 a0 relative to the all electrons correlated result,
both calculations employing the same basis sets, and this value
should reﬂect the accuracy of our MRCI distances.Figure 3. Spin–orbit coupling constant (A) of the states X 2P and a 4R of SI as a
function of the internuclear distance.At the equilibrium distance of the ground state, we estimate the
spin–orbit constant (Ae) to be 1399 cm1. In the absence as yet of
any experimental determination for the SI species, we note that
in the case of IO, the best theoretical result reported so far in the
literature is 1775 cm1 (Ref. [18]), whereas 2091 cm1 was found
experimentally [43]; inclusion of core-valence correlation in the
spin–orbit calculation improved the IO constant to 1827 cm1.
At the present level of calculation, we do expect our results to have
an uncertainty of about the same order of magnitude. The variation
of the spin–orbit constant with internuclear distance is illustrated
in Figure 3. For the series of chalcogen halides, SF, SCl, SBr, and SI,
we now know that the coupling constant Ae follows the sequence:
387 [4], 453 [6], 748 [7], and 1399 cm1, respectively.
Compared with the isovalent sulfur halides SCl and SBr, the
overall energy proﬁles are very similar. However, in contrast to
the fact that no relatively low-lying doublet is accessible for a
spin–spin allowed transition in the case of SCl and a very shallow
minimum found for SBr, the avoided crossing between the state 2
2P, that correlates diabatically with the fragments S (1Dg) + I(2Pu),
and the repulsive 3 2P state correlating with the ﬁrst dissociation
channel close to 5.7 a0 gives rise to a potential well supporting var-
ious vibrational states as seen in Figure 4. Transitions from 2 2P toFigure 4. Potential energy curves indicating potential electronic transitions that
could be experimentally observed that would allow the determination of spectro-
scopic constants for the ground state and the ﬁrst two excited electronic states of
the new species SI.
Figure 5. The dipole moment function l(R), in atomic units, for selected doublet
and quartet states of the molecule SI, and the transition dipole moment function
between the lowest-lying doublet and quartet states.
34 Antonio Gustavo S. de Oliveira Filho, F.R. Ornellas / Chemical Physics Letters 510 (2011) 31–35the ground state should fall in the green-yellow spectral region
20 000 cm1 (5000 Å) and due to the crossings by other close-
lying states it is expected to be strongly predissociated similarly
to that observed for IO. At the equilibrium distance of the state 2
2P, without including the perturbations from nearby states, we
estimated an energy splitting of 4126 cm1, almost three times
larger than the one for the ground state. This same trend has been
determined for the SBr molecules, and can be rationalized in terms
of the open shell molecular orbital (MO) composing the dominant
electronic conﬁguration state functions for both states at their
equilibrium distances. The dominant electronic conﬁgurations for
the states X 2P and 2 2P can be basically associated with theTable 4
Vibrational energy spacings DGv+1/2 (in cm1), rotational constants Bv (in cm1, and vibra
constants <Av>(in cm1).
v X 2P X1
2P3/2
DGv+1/2 Bv <lv> <Av> DGv+1/2
0 399.4 0.1226 0.3941 1400.3 402.7
1 397.6 0.1218 0.3865 1385.7 398.8
2 394.7 0.1212 0.3797 1372.8 395.1
3 391.6 0.1205 0.3731 1360.8 392.1
4 388.3 0.1200 0.3666 1349.3 389.1
5 384.9 0.1193 0.3602 1337.8 386.0
6 381.5 0.1188 0.3539 1326.4 382.7
7 378.0 0.1182 0.3476 1315.1 379.2
8 374.6 0.1176 0.3413 1303.8 375.7
v 1 4R
DGv+1/2 Bv <lv> <Av>
0 221.6 0.0901 0.2216 95.9
1 218.6 0.0895 0.2237 96.1
2 215.4 0.0888 0.2256 96.4
3 211.7 0.0881 0.2271 96.6
4 207.9 0.0874 0.2284 96.8
5 204.3 0.0867 0.2294 97.1
6 200.6 0.0860 0.2300 97.3
7 196.8 0.0853 0.2303 97.5
8 193.0 0.0845 0.2303 97.6occupations . . .15r2 7p4 8p3 (0.91) and . . .15r2 7p3 8p4
(0.79), respectively. A simple MO analysis shows the orbital 7p
to be essentially represented by the combination 5px,yI
(0.86) + 3px,yS (0.40), whereas MO 8p can be represented by 5px,yI
(0.51) + 3px,yS (0.91); so the single electron is mostly associated
with the sulfur atom in 8p and with the iodine atom in 7p. In Fig-
ure 4 we make a tentative assignment of the low-lying vibrational
states most likely to be affected by these crossings. A detailed
treatment of the interactions in this region of a relatively high den-
sity of states is not an easy task and is beyond the present focus of
this investigation. An alternative route to obtain spectral data on SI
is to react S and I in a manner similar to that conducted for SeF
[44,45] and record the emission spectra due to the spin–orbit for-
bidden transition between the states X1 2P3/2  11 4R1/2; in the
present case, this low intensity transition should fall in the near-
IR spectral region (8300 cm1). These two possibilities are illus-
trated in Figure 4, where the most likely transition from 1 4R
(v0 = 0) to X 2P (v0 0 = 14) and from 2 2P (v0 = 0) to X 2P (v0 0 = 8)
are given evidence.
In Figure 5, we plotted the dipole moment function for the two
lowest-lying bound states, and also the transition dipole moment
between them. Figure 5 shows an almost linear behavior for the
ground state dipole moment function from about 4.2 to 5.5 a0, with
the polarity I+S; whereas a linear behavior but an inverted polar-
ity between about 4.3 to 5.3 a0 was found for the 1 4R state. No-
tice also that at the equilibrium distance of the state 2 2P, the
polarity is about three times that of the ground state.
Of direct comparison with experimental data, we show in
Table 4 the vibrational spacings DGv+1/2, deﬁned as G(v + 1) 
G(v), the rotational constants Bv, evaluated as the vibrational
average <v|16.8578/lR2|v>, the vibrationally averaged dipole
moment, <lv>, and the vibrationally averaged spin–orbit coupling
constant, <Av>. Using energy values calculated at 50.0 a0, we esti-
mated the dissociation energy (De) of the ground state X 2P as
19 018 cm1 (54.38 kcal mol1) for the X states, we obtained
17 472 cm1 (49.96 kcal mol1) for the state X1 2P3/2, and
16 073 cm1 (45.96 kcal mol1) for X2 2P1/2. For the ﬁrst excited
quartet state, we obtained 6036 cm1 (17.26 kcal mol1), 4074
(11.65 kcal mol1), and 3892 cm1 (11.13 kcal mol1), for the
states 1 4R, 11 4R1/2, 12 4R3/2, respectively. Radiative lifetimestionally averaged dipole moments <lv>(in a.u.), and vibrationally averaged coupling
X2
2P1/2 2 2P
Bv DGv+1/2 Bv DGv+1/2 Bv
0.1229 389.0 0.1213 270.8 0.1013
0.1222 386.0 0.1206 266.6 0.1004
0.1215 383.0 0.1200 260.4 0.0996
0.1208 380.2 0.1193 254.2 0.0989
0.1202 377.2 0.1187 248.3 0.0980
0.1196 374.0 0.1181 242.9 0.0972
0.1190 370.7 0.1175 237.6 0.0963
0.1184 367.3 0.1168 232.2 0.0954
0.1177 363.9 0.1162 226.5 0.0944
11 4R1/2 12 4R3/2
DGv+1/2 Bv DGv+1/2 Bv
208.8 0.0889 208.8 0.0890
204.3 0.0882 204.9 0.0882
199.8 0.0874 200.4 0.0874
195.3 0.0866 195.8 0.0866
190.6 0.0857 191.1 0.0857
185.9 0.0848 186.2 0.0849
180.8 0.0839 180.9 0.0839
175.5 0.0830 175.5 0.0829
170.0 0.0819 169.9 0.0819
Table 5
Radiative lifetimes in ms for transitions from selected vibrational
levels of the state 4R.
v0 Transition
11 4R1/2  X1 2P3/2 12 4R3/2  X1 2P3/2
0 96.8 6.3
1 74.3 4.7
2 59.4 3.5
3 48.9 2.7
4 41.3 2.1
5 35.5 1.7
6 30.9 1.3
7 27.3 1.1
8 24.5 0.9
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experimental values of the ground state (X1 2P3/2) dissociation
energy range from 42.07 to 59.51 kcal mol1 [46], whereas the
best theoretical estimates, considered as lower limit values, are
49.24 kcal mol1 for the state X 2P, and 45.65 kcal mol1 for X
2P3/2 [13]. In the case of SCl, Woon and Dunning have estimated
a De value of 66.4 kcal mol1 [47] for the X 2P state, a result
indicating that the species SCl is about 20% more strongly bound
than SI.
4. Conclusion
Reliable theoretical results are presented for the ﬁrst time char-
acterizing a new molecular species, SI. A manifold of electronic
states is calculated which allows us to understand the potential
experimental difﬁculties for its spectral assignment. Relativistic ef-
fects incorporated in the description of the system via pseudopo-
tential (scalar) and via spin–orbit effects affect signiﬁcantly the
ground state characterization. Two possibilities of observing elec-
tronic transitions are proposed which in principle would lead to
the determination of spectroscopic constants for the ground state,
and the 1 4R and 2 2P states. Together with previous studies on
SCl and SBr, this Letter completes the most comprehensive theoret-
ical description of the sulfur-halide series SCl, SBr, and SI carried
out in our group.
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